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A Passive Earth-Entry Capsule for Mars Sample Return 

R. A. lllitcheltree T S. Kellasi J .  T. Dorsey! P. Y. Desai$ C. J .  Illartinn 
1\T=IS.A Langley Research Center, Harnpton, Tk-ginia 

A combination of aerodynamic analysis and testing, aerothermodynamic analysis, 
structural analysis and testing, impact analysis and testing, thermal analysis, ground 
characterization tests, configuration packaging, and trajectory simulation are employed 
to determine the feasibility of an entirely passive Earth entry capsule for the Mars Sam- 
ple Return mission. The design circumvents the potential failure modes of a parachute 
terminal descent system by replacing that system with passive energy absorbing mate- 
rial to  cushion the Mars samples during ground impact. The suggested design utilizes a 
spherically blunted 45 degree half-angle forebody with an ablative heatshield. The pri- 
mary structure is a spherical composite sandwich enclosing carbon foam energy absorbing 
material. Though no demonstration test of the entire system is included, results of the 
testing and analysis presented indicate that the design is a viable option for the Mars 
Sample Return Mission. 

Introduction 
Tlie AIars Sample Return (AISR) mission will re- 

turn selected samples from AIars to Earth. Tlie final 
phase of tlie mission requires an Earth entry: descent, 
and landing capsule. Since tlie AISR mission must be 
accomplished within stringent cost and mass restric- 
tions: tlie Earth-entry subsystem must be both simple 
and low mass. In addition, tlie Kational Research 
Council's Task Group on Issues in Sample Return1 has 
cletermined that tlie potential for terrestrial contami- 
nation from AIars samples, while minute: is not zero. 
Tlie sample return capsule must: therefore: assure con- 
tainment of tlie samples. ,To assure containment: tlie 
capsule must either 1) include sufficient redundancy 
to each critical subsystem or 2) eliminate tlie need for 
that subsystem. Eliminating subsystems rather than 
adding redundant systems is essential for AISR because 
of tlie mass restrictions on tlie capsule. 'This paper (le- 
scribes a elegantly simple option for the AIars Sample 
Return Earth entry capsule. 

'The desire to obtain extraterrestrial samples for 
Earth-based analysis has spammxl se\-eral upcoming 
sample return missions with destinations besides AIars. 
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Tlie fourth disco\-ery class mission: Stardust"." (launch 
Feb. 1999): plans to return cometary coma samples 
and interstellar dust in 2006. 'The AIuses CK mission 
is sclieduled for a 2002 launch and will attempt to re- 
turn asteroid samples in 2006. 'The fifth disco\-ery class 
mission: Genesis: promises to collect samples of tlie so- 
lar wind for return in 2003. -411 three of these missions 
utilize direct entry capsules with parachute terminal 
descent. 'The New AIillennium Project Deep Space 4 
mission: Champollion: plans to return comet nucleus 
samples in 2010. 

Sample return missions for AIars ha\-e been stutiieti 
periodically for tlie past 30 Tlie Earth entry 
phase en\-isioneti by pre\-ious studies in\-ol\-ed either 1) 
an orbit insertion at Earth with Space Shuttle or Space 
Station rendez\-ous for reco\-wing tlie samples or 2) di- 
rect entry with an -4pollo-style entry \-ehicle utilizing 
paraclmtes: air-snatch: and/or water recoyery. Tlie 
first scenario is prohibiti\-ely expensi\-e: tlie second re- 
lies on fallible entry eyents. -411 of tlie pre\-ious studies 
in\-ol\-ed entry \-ehicles with masses significantly larger 
than tlie current 30 kg allotment for tlie 2003 oppor- 
tunity. 

Direct entry of a passi\-e capsule which does not in- 
clude a paraclmte terminal descent system but relies 
solely on aerodynamics for ti leration and attitude 
control may represent tlie lowest mass: least expen- 
s i q  and most robust entry scenario. In such a design: 
tlie samples are packaged in a hartieneti container anti 
surrounded by sufficient energy-absorbing material to 
assure containment timing tlie resulting ground im- 
pact. Tlie objectiye of this work is to examine one 
candidate Earth-entry capsule within this scenario to 
explore tlie feasibility of tlie approach. 

'The present work utilizes high-fidelity: multi- 
disciplinary analysis in tlie conceptual design phase. -4 
combination of static anti dynamic aerodynamic e\-alii- 
ations are supplied through new anti existing wind tun- 
nel measurements augmented by computational fluid 



dynamics (CFD) predictions to coyer the entire entry 
speed range (hypersonic through subsonic). .Aerother- 
mal heating predictions, heatshield design, and ther- 
mal analysis of the entry and impact are included. 
Impact energy absorption is examined through crush 
testing and drop tests. Structural design utilizes finite 
element analysis and impact tests. Ground character- 
ization test (lata from the Ctali Test and Targeting 
Range (CTTR) is included. Solid modeling of the (le- 
sign is used to address packaging issues and estimate 
the mass properties of the \-ehicle. Detailed trajec- 
tory simulations and dispersion analyses are performed 
using the three-degree-of-freedom Program to Opti- 
mize Simulated Trajectories (POST)7. Carrier \-ehicle 
integration and canister injection issues are also men- 
tioned. 

.After a brief description of the sample return cap- 
sule's requirements, the major design clri\-ers - as 
currently iinderstood - are identified. Kext, a non- 
con\-entional approach to the design based on spherical 
shapes which haye no directional preference during en- 
try and impact is discussed. 'The remainder of the 
paper describes analysis performed on one possible di- 
rectional design for the capsule. 'The combination of 
these analyses point to the feasibility of this design 
for AIars Sample Return. This work also has direct 
application to future sample return missions. 

System Requirements and Design 
Drivers 

'The primary requirement on the Earth-entry cap- 
sule is to assure containment of the AIars samples 
during the intense Earth entry: descent, and impact 
phase of the mission. This planetary protection con- 
cern led to the consideration of a parachute-less entry 
since exclusion of that descent subsystem eliminates a 
major \-ehicle failure mode and reduces mass and com- 
plexity of the \-ehicle. 'The design must also pro\-ide for 
easy sample reco\-ery which requires ground reco\-ery 
beacons and discourages a water landing. 'The o\-wall 
\-ehicle mass must be less than 30 kg with a maximum 
dimension of 1.0 m. 

-4s many as 90 core samples of AIars rock and re- 
golith totaling 300 grams will be hermetically sealed 
within a canister on the surface of AIars. This hard- 
ened canister, whose external surfaces will be kept 
clean while on AIars, must be transferred to the Earth- 
entry capsule in AIars orbit. (In this paper, the term 
cunister refers to the hardened container of the sam- 
ples, while the term cupsule refers to the entire entry 
vdiicle.) -At Earth return: the capsule is spun up and 
released from the Earth cruise stage for entry. -If- 
ter tra\-ersing hypersonic, supersonic: transonic and 
subsonic speed regimes, the capsule will impact the 
ground t r ad ing  at subsonic, terminal \-docity. Dur- 
ing impact, the system must limit mechanical loads 
on the sample canister below prescribed limits. In 

addition, tlie temperatures of tlie samples must be 
maintained below 370 E(. 'The shape, size: mass: anti 
mechanical strength of the sample canister are major 
dri\-ers in the tiesign of the Earth-entry system. For 
this study, the canister is assumed to be a sphere of 
0.2 m diameter with mass of 2.7 kg which is designed 
to handle mechanical loads in the range of 200 to 300 

'The capsiile's relatiye entry \-docity at 123 km alti- 
tude is in excess of 11 km/s: clepending on tlie Earth 
return trajectory. This high-energy entry dri\-es the 
design to a blunt aeroshell with an ablating heat shield 
to protect tlie \-ehicle from the intense heating en\-i- 
ronment expected in tlie first 60 seconds of the entry. 

lerations between 40 anti 80 Earth 
g's occur chiring this portion of the entry. .After 100 
seconds, the capsule has (1 lerateci to around AIacli 
1.0 and clescentied to 30-33 km altitude. For tlie re- 
maining 300 seconds of tlie entry tlie capsule tiescentis 
at subsonic speetis. Blunt aeroshell shapes which can 
sur\-i\-e the intense heating of the hypersonic heat- 
pulse: often suffer aerodynamic stability problems in 
the transonic anti subsonic regimes. 'The conflicting 
requirements of minimizing heating while maximizing 
subsonic aerodynamic stability is a major design trade 
in selecting tlie aeroshell shape. 

Surface winds are also a major tiesign dri\-er. The 
capsule must be designed to accommodate 23 AIPH 
sustained surface winds at impact. TYintis increase 
impact Yelocity anti introduce large surface incidence 
angles. 

g's. 

Omni-Direct ional Designs 
Impact loads on the sample-containing canister can 

be reduced by packaging that canister behind a thick 
layer of energy absorbing material. Such an arrange- 
ment places tlie canister as far as possible from the 
impacting surface. Simultaneously: for concepts which 
are intended to always fly with a particular surface 
(i.e. the nose) forward: subsonic aerodynamic stability 
during the terminal descent phase requires tlie center- 
of-grayity (c.g.) to be as close as possible to the nose. 
These conflicting requirements lead to consideration of 
omni-directional designs. -An omni-directional tiesign 
is one which has no directional preference during entry 
or impact. 

'The simplest omni-directional tiesign is a sphere 
with c.g. at the geometric center of the body. Figure 
1 shows a concept in which tlie sample canister is em- 
bedded within low-mass energy-absorbing foam which 
is then encapsulated within a thin shell structure 
and Phenolic Impregnated Carbon .Ablator (PIC-1-13) 
lieat shield. To assess tlie feasibility of this concept: an 
optimistic set of tiesign assumptions is made. The sub- 
sonic drag coefficient (CD) of a sphere can be as high as 
0.3 for laminar flow conditions8. For tlie present contii- 
tions (flight Reynolds numbers greater than lo6): the 



flow will be turbulent: and CD can be as low as 0.l8. 
To be optimistic, CD is set to 0.2. Engineering l e d  
tools we used to compute the necessary stagnation 
point lieat shield thickness for each size/mass combi- 
nation. If the sphere is tumbling at 10 rpm or greater 
during entry: the lieat load at a gi\-en point is clecreased 
by two thirds. 'This decreases the required lieat shield 
thickness by one third. 'Thus: this "rotisserie" relie\-- 
ing effect is assumed: and the lieat shield thickness is 
specified as two thirds of that for an eqiiident stagna- 
tion point. It is further assumed: without \-erification: 
that a 0.001 m composite shell structure is sufficient to 
remain essentially iindeformed at impact. E\-en with 
these optimistic assumptions: the figure re\-eals that a 
23 kg capsule still results in an impact which imparts 
1000-1200 g's on the canister as it (1 
ayailable stroke distance. 'The capsule is assumed to 
hit a rigid surface. 

'The primary clifficulty with a spherical entry cap- 
sule is the low subsonic drag coefficient which produces 
high ground-impact \-elocities. The drag coefficient for 
a sphere decreases in turbulent conditions because the 
flow stays attaclied to the surface beyond the maxi- 
mum climeter location. In an attempt to force the 
separation and increase the subsonic drag coefficient: 
se\-eral modified sphere concepts were considered. 'Two 
of these are presented in Fig. 2. Alany other con- 
cepts we possible but most, including those shown in 
the figure: introduce heating concentrations in regions 
diere  the local radius of cur\-ature is small. Drop 
tests and spin-tunne19 tests were performed on scale 
models of these configurations in an attempt to cleter- 
mine their drag coefficients. The Reynolds numbers 
of these tests were too low to produce turbulent flow 
fields, and direct measurement of the drag coefficient 
was clifficult. By modifying a sphere's surface to force 
flow separation at the maximum diameter location: 
the highest subsonic drag coefficient that could be en- 
\-isioned without introducing insurmountable heating 
problems was the \-due for a l m i n w  sphere: 0.3. 

Figure 3 repeats the analysis shown in Fig. 1 with 
Cr, equal to 0.3. In addition to the optimism included 
in Fig. 1: the calculations to produce Fig. 3 assume 
diate\-er modification is n swy to increase the drag 
does not increase the mass or decrease the stroke of an 
equi\-dent diameter sphere. 'The expected (1 
tions for a hard ground impact of a 23 kg capsule are 
clecreased to 400-600 g's. ,To decrease (1 
below 300 g's requires a capsule diameter larger than 
1.3 m with associated mass oyer 100 kg. 

-4 spherical entry capsule has a yery low subsonic 
drag coefficient. In addition, the requirement to cwry 
lieat shield oyer the entire outer surface of the shape 
results in lwge lieat shield mass. 'This combination re- 
sults in lwge subsonic ballistic coefficients and their 
associated lwge impact energies. TYhile it may be 
possible to (le\-ise a modified spherical shape with in- 

creased subsonic drag: obtaining a CD larger than 0.3 
would be clifficult. 

Heat shield seals and penetrations to accomplish at- 
tachment to tlie orbiter: insertion of the canister: anti 
electrical connections also present a problem for omni- 
directional designs since those locations may encounter 
maximum stagnation point heating timing tlie entry. 
In addition, the placement of canister-transfer meclia- 
nisms and ground-reco\-ery beacons is tiifficult within 
a design which may impact at any orientation. 

'The feasibility of maintaining smple canister loads 
below 200-300 g's using an omni-directional design for 
a parachute-less Earth entry system is questionable 
unless \-ery soft ground or water is impacted. 

Hybrid Directional Design 
-4n ideal design for tlie Earth-entry subsystem would 

be one that combines the large range of impact- 
attitude capabilities of an omni-directional tiesign with 
the forebody-only lieatshield and high subsonic drag 
benefits of a directional design. Such a design would 
be directional (luring flight yet nearly omni-directional 
at impact. Figure 4 presents a schematic of such a 
%ybrid" directional design based on a 1.0 m ciimeter 
43 degree half-angle forebody. 'The smple canister is 
packaged within energy absorbing material. 'The pri- 
mary structure is a stiff: spherical: comi-,osite-santi~~ic~i 
shell. The lieatshield is 0.0381 m thick PIC.4-13. 

Canister transfer access: attachment hard points: 
and electrical connections we "hititien" in tlie lower 
heating region of the afterbody. The canister is posi- 
tioned such that a large range of primary impact angles 
can be handled as well as the lower energy impacts re- 
sulting from bounces. It is beyond tlie scope of this 
paper to discuss all of the trades which were exmineti 
in e\-ol\-ing this design. 'The remainder of tlie paper 
examines each element of this design to illustrate its 
feasibility. 

Energy Absorbing Material 
-4t impact: a complex interaction of e\-ents occurs 

whose sum is the remo\-al of the impact kinetic energy. 
Energy is absorbed by the ground: by the heatshield: 
by deformation and failure of tlie capsule striictiires: 
and by crush of tlie energy absorbing material. The 
goal of the tiesign is to limit mechanical loads on the 
sample canister at impact. This section focuses on 
selection and testing of tlie energy absorbing material 
to meet that goal. 

'The design of the canister will dictate its maximum 
leration load. The most efficient 
for the canister (luring ground imp 

one which is relatiyely flat at or just below that max- 
imum limit. This constant ti leration represents an 
ideal crush response. 

'There are two possibilities for crush energy man- 
agement in the tiesign of the capsule to achie\-e an 



ideal crush response. In the first, the outer surface 
of the aeroshell (heatshield: structure: and energy ab- 
sorbing material) crushes inward towards the canister. 
This scenario places no particular requirements on the 
capsule structure or the shape of the canister. Obtain- 
ing an ideal crush response: howe\-er: requires precise 
knowledge of the ground‘s impact cliaracteristics, the 
striictiire‘s strength during failure: and requires a tai- 
lored strength gradient be built into the energy absorb- 
ing material. The second possibility is to design the 
capsule with a rigid outer shell structure such that: at 
impact: the shell deformation is limited. ‘The canister 

lerates as it trayels into the energy absorbing ma- 
terial. ‘This second approach has the clisad\-antages 
that 1) the canister shape becomes important with 
preference towards a spherical shape to present a con- 
stant projected area to the energy absorbing material 
despite attitude at impact: and 2) the structural mass 
is increased. Obtaining an ideal crush response with 
this approach: howe\-er: is simplified. In addition, the 
stiff structure can be used to support attachments to 
the cruise stage. ‘The second approach - a stiff-outer- 
structure approach - is taken. 

‘The crushing strength of the energy absorbing ma- 
terial required to limit loads on the canister is inde- 
pendent of the impact \-docity. For example: if the 
sample canister is a 0.2 m diameter sphere of mass 
2.7 kg: the desired crushing strength of the material is 
24.3 psi to limit accelerations to 200 g’s. The required 
crush stroke depends on the impact \-docity and the 
g - l e d  limit and will be discussed later. 

In addition to a tailorable compressi\-e strength: the 
material selected for energy absorption must be a good 
thermal insulator and maintain its strength at ele\-ated 
temperatures. It must be nearly isotropic: and be able 
to sur\-i\-e launch enyironment acoustic loads. It must 
be thermally stable, and must be either open cell for 
Tenting in \-acuum or: if closed cell: must possess suffi- 
cient strength to a\-oid cell rupture in \-acuum. Finally: 
its crush strength must be strain-rate insensiti\-e oyer 
a large range to achie\-e an ideal crush response. 

Honeycombs of paper: metal: polymer, and fiber re- 
inforced plastics were considered as well as rigid: and 
semi-rigid foams of carbon: metal: ceramic: and plas- 
tic. The honeycombs are anisotropic and poor thermal 
insulators. Plastic foams haye a small operating tem- 
perature range: and ceramics are hea\-y. 

Reticulated \-itreoils carbon foam is an open cell ma- 
terial with exceptional chemical inertness, high tem- 
perature strength: and low thermal conducti\-ity. ‘The 
material has the additional benefit that its brittle fail- 
ure mode is \-ery localized and predictable. Oyer 180 
static tests and 73 dynamic tests were performed on 
carbon foam samples from three manufacturers. Some 
representati\-e results are included liere to 1) illustrate 
its suitability as an energy absorber, and 2) estimate 
the density of the material required for this applica- 

tion. 

Carbon foam is currently manufactiireci at different 
densities and compressi\-e strengths: most of which ex- 
ceed the required strength for this application. Static 
and dynamic crush response of one form of the mate- 
rial is shown in Fig. 3. ‘The static tests re\-eal a nearly 
constant strength for oyer 90 percent strain. (Crush 
stroke was limited in tlie dynamic tests by the xail- 
able kinetic energy at impact.) To illustrate that the 
material strength can be %ilore(l’‘ to a desired \-due: 
a planar structure was created by remo\-ing hexagonal 
cores from 2.3 cm thick slab of tlie material. ‘The slabs 
were then stacked with a 0.002 m carbon foam sheet 
between layers to create a honeycomb-like solid whose 
density was 16 kg/7rz”. The resulting static strength 
of a typical sample was measmeti to be between 10 
and 13 psi. ‘This b‘machine(i’i approach to tailoring 
the strength introduces anisotropies into the material. 
Different approaches to tailor the strength of tlie ma- 
terial are possible which minimize tlie introduction of 
anisotropies. 

Figure 3 re\-eals tlie compressi\-e strength of carbon 
foam appears to be rate semitiye. -A factor of 2.7 in- 
crease in compressi\-e strength was measured when the 
crush rate was increased from 0.0004 m/s to 1.6 m/s. 
(Impact speeds are expected to be around 30 m/s.) 
Dynamic tests in \-aciiiim re\-ealeti that tlie apparent 
rate semiti\-ity is not a \-iscoils effect. ‘The increase 
in strength is belie\-et1 to be tlie result of tlie interac- 
tion between the smooth indentor anti tlie rough foam 
surface. If a suitable coating is tieposited on tlie foam 
surface which causes more of tlie foam to become en- 
gaged during contact: an increase in static strength: 
comparable to that obser\-ed in the dynamic tests: is 
realized. ‘This surface coating effect is presented in 
Fig. 6 and indicates that the rate semiti\-ity could be 
reduced by an appropriate surface coating. 

-Acoustic Tibration tests at 140 db (0-300 HZ) for 1.3 
7rzin re\-ealed the material can siir\-i\-e se\-ere acoustic 
launch loads. 

Increasing the carbon foam temperature from 300 K 
to 423 K anti 323 K re\-eals only 20 and 28.6 percent 
reductions in strength respectidy. (The temperature 
of the foam at impact should be around 300 K with a 
thin layer near tlie stagnation point approaching 400 

By combining tlie information from all of the tests 
performed, an estimate of tlie relationship between 
density and strength for tlie material can be produced. 
It appears that 1) carbon foam is a suitable canditiate 
for the energy absorbing material: 2) its strength can 
be tailored to tiesired \-dues: and 3)  an energy ab- 
sorber whose strength is %dored” to 24.3 psi would 
haye density at or below 24 kg/7rz” and pro\-ide 90 
percent usable stroke. 

K.1 



Ground Characterization Tests 
Selecting a crush-energy-management approach 

based on a rigid outer shell structure remo\-ed the in- 
fluence of the ground's impact cliwacteristics on the 
design of the energy absorbing material. 'The need to 
iinderstand the ground: howe\-er: remains n 
determine the loads to design the structure. 

'The location for the impact is not cletermined. One 
possibility is the dry lake bed at CTTR. Dynamic im- 
pact tests were performed at CTTR using a 0.21 m 
diameter liemisplierical penetrometer. 'The penetrom- 
eter contained a 300-g range: 3-axis a 
was dropped from lieiglits of 1.3, 3.0: and 3.9 m. 'The 
mass of the indentor: 712: could be set at 6.16 or 8.71 
kg. -Accelerometer data was acquired at a rate of 3200 
samples per second. 

High winds and inclement weather during the tests 
limited the quantity and quality of the data collected. 
Table 1 presents a summary of the impact tests per- 
formed. 

108.4 
124.8 
91.8 
93.9 
89.8 

Table 1. Ground Impact Tests and Results. 

1.4 
1.8 

3.23 
3.23 
2.23 

AIass. kg 
6.16 

6.16 
6.16 
6.16 
6.16 
6.16 
6.16 
6.16 
6.16 
8.71 
8.71 
8.71 
8.71 
8.71 
8.71 
8.71 
8.71 

I 6.16 

1,. m/s 
3.4 
3.4 
3.4 
3.4 
7.7 
7.7 
10.7 
10.7 
10.7 
10.7 
3.4 
3.4 
3.4 
7.7 
7.7 
7.7 
10.7 
10.7 

a,,,,, and y71,cLx we the maximum a 
penetration depth from the impact at speed K. Fig- 
lire 7 presents normalized a leration profiles from the 
tests. 'The majority of the mmforms exhibit cliwac- 
teristics of a plastic impact. AIeyer's1° theory pro\-ides 
a simplified description of plastic impacts in which the 
ground is assumed to exert a constant pressure on the 
impactor. This theory predicts maximum acceleration 
\-aries linearly witli K- wlien penetrations are 
small relatiye to the diameter: D: of the penetrometer. 
Figure 8 compares the measurements for maximum ac- 
celeration as a function of this quantity. 'The full scale 
\-chicle: with a nose radius of 0.66 m: impact speed of 
30 712/s and mass of 26.3 kg: impacts at higher energies 
than acliie\-ed during the tests. 'The figure includes lin- 

ear extrapolations to the expected \-due of 4.73 (AIKS 
units) for the full scale \-ehicle impact and re\-eds the 
maximum expected acceleration during impact for the 
design in Fig. 4 is between 220 and 383 g's. Figure 9 
plots penetration depth \-emus K1/712/D (also a rela- 
tionship predicted by AIeyer's theory). Extrapolation 
to the expected \-slue of 189 (AIKS units) re\-eals that 
the capsule in Fig. 4 should penetrate between 0.13 
and 0.31 m. 'The variability in ground hardness at the 
three locations examined is responsible for much of 
the scatter in Figs. 7-9. In addition, the assumption 
of small penetration depths in AIeyers theory which 
allows the linew extrapolations in Figs. 8 and 9 is 
not \-did for some of the impacts. Howe\-er: includ- 
ing the additional terms in the theory to remo\-e this 
assumption would result in extrapolations in Fig. 8 
which predict lower maximum accelerations. 

Structural Design 
'The design in Fig. 4 contains two structural ele- 

ments: the primary spherical structure and the struc- 
ture required to support the conical frustum of the 
heatshield. For the purposes of this feasibility study: 
emphasis is placed on determining the required mass 
of each structure. The design of the primwy spherical 
structure is discussed first. 

'The requirement for a stiff structure: whose clefor- 
mation is limited during impact from a large range 
of possible attitudes: led to the decision to utilize a 
spherical structure of composite sandwich construc- 
tion. Ground cliaracterization tests at CTTR reyea1 
that this structure must be sufficiently strong to iin- 
clergo limited deformation during a 383 g impact. 'The 
structure will recei\-e some cushioning from the heat- 
shield material and foundation support from the en- 
ergy absorbing material. ,To estimate the heatshield 
contribution: crush tests were performed on samples 
of PIC-1-13 as shown in Fig. 10. These measurements 
we used in the following finite-element analysis. 

'The primary spherical structure shown in Fig. 4 is 
a stiffness-based composite sandwich structure. Its 
0.001 712 thick face sheets are 2-D triaxial braid textile 
of intermediate modulus graphite fiber in a polyimide- 
class resin. The core is 0.0127 712 of 40 kg/712" cwbon 
foam. The total mass of the structure is 4.23 kg. 

Dynamic finite element analysis pro\-ides the best 
ayailable analytic tool for sizing this structure but 
requires cletailed information on the mechanical prop- 
erties and failure modes of each of the elements. 
To populate this set of empirical constants: a series 
of dynamic tests were performed on 0.3 m cliame- 
ter graphite-epoxy hemispherical shells and sandwich 
structures. Figure 11 compares the crush response of 
0.001 m graphite-epoxy shells under static and dy- 
namic tests. The complete design of the structure 
using dynamic finite element analysis was incomplete 
at the time of writing of this paper. -A simpler method 



to illustrate the adequacy of this structure for the 
purposes of this feasibility study in\-ol\-es static finite 
element analysis. 

From the LTTR ground characterization tests: an 
estimate of the acceleration profile of the capsule was 
determined. By assuming the entire mass of capsule 

erated according to this profile, a maxi- 
1 static load on the structure and heat- 

shield combination can be estimated. -\ static finite 
element analysis using AICS/K.ASTR.AK~~ was per- 
formed. The model included the sandwich structure 
and the heatshield: but did not include the energy ab- 
sorbing material which will act to increase the shell's 
stiffness. Figure 12 presents the maximum compres- 
siye strain preclicted in the structure as a fiinction of 
the applied load (in terms of 9's). One design criteria 
used for this material specifies the compressi\-e failure 
allowable at 430 K to be 0.0032. 'The structure should 
not fail iinless accelerations in excess of 400 g's oc- 
cur. The maximum strains occur around the impact 
point and decay rapidly away from that point. It is 
possible to take advantage of this distribution to tai- 
lor the strength of the spherical structure to reduce 
weight and moye the c.g. position further forward. In 
addition, some localized failure of the structure at the 
impact point pro\-ides another mode for energy ab- 
sorption and woiild be allowed as long as it doesn't 
greatly decrease the canister's crush stroke. For these 
reasons: the 4.23 kg allotted to the primary structure 
in the present design is judged adequate. 

.The secondary structure which supports the fore- 
body heatshield beyond the spherical structure repre- 
sents a traditional structural design. The requirement 
on this structure is that its deformations iinder aero- 
dynamic deceleration loads are limited to \-dues which 
will not risk fracture of the heatshield. This %ing'' 
structure need not siir\-i\-e the ground impact. Ide- 
ally: at impact it would shear off clecr 
which the primary structure must d 
also ayailable to pro\-ide some energy 
ing large-attitude or high-wind impacts. 'The design 
is a \-ariation on a sandwich structure with the outer 
face sheet of 0.001 m graphite polyimide just behind 
the heatshield. The \-aid between this fa 
the spherical structure is filled with carbon foam of 
density 40 kg/7n3.  The mass of the entire structure is 

.A prediction of the forebody pressure distribution at 
the maximum pressure point in the trajectory is shown 
in Fig. 13 where s is the distance along the surface from 
the geometric stagnation point. (This CFD prediction 
is cliscussed in the Aerothermodynamics section.) The 
compressi\-e loads on this portion of the structure are 
around 3 psi. which are considerably less than the 
compressi\-e strength of the foam as shown in Fig. 3. It 
appears possible to reduce the mass of this structure by 
using a thinner face sheet and decreasing the density 

3.2 kg. 

of the foam. 

Aerodynamics 
-Aerodynamic drag anti stability of the design in Fig. 

4 are required in hypersonic: siipersonic: transonic: 
and subsonic flight regimes. 'The selection of the 43 de- 
gree half-angle cone aeroshell was the result of a trade 
among hypersonic drag (heating): subsonic drag (im- 
pact yelocity) and subsonic stability (a\-ailable crush 
stroke) . 

Figure 14 presents an approximation of the drag 
coefficient across the AIacli range for the 43-degree 
half-angle shape. 'The hypersonic \-due: 1.04, was 
computed at AIacli 31.7 anti 21.2 using the Lan- 
gley .Aerothermodynamic Lpwind Relaxation .Algo- 
rithm (L.ALRAA)12. (These solutions are described in 
detail in the Aerothermodynamics section.) The sub- 
sonic \-due: 0.68, comes from tests conciucteci in the 
Langley 20-foot l'ertical wind tunnel9 mentioned be- 
low. 'The supersonic anti transonic \-dues are from 
Brooks1" and Xicl10ls~~ wind tunnel data on a similar 
geometry. For the piirposes of this feasibility study, 
the important \-alues are the h p m o n i c  \-alue which 

the lieat pulse anti the subsonic \-due which 
determines the impact Yelocity. 

-Aerodynamic stability is a function of aeroshell 
sliape and mass properties. -A solid model of the design 
shown in Fig. 4 predicts the c.g. to be 0.314 m back 
from the nose. The spin-axis inertia is 2.23 kg - 71i2. 

The pitch anti yaw inertias are 1.60 anti 1.33 kg - 7 n 2  

respecti\-ely. -Aerodynamic stability is comprised of a 
static and dynamic component. For static stability, 
the slope of the moment curye at this c.g. location, 
C,,,:,: must be negatiye at the trim angle of attack (0' 
for this design). Figure 13 presents the \-ariation in 
this parameter with AIacli number. Static stability is 
highest in the hypersonic region (large negatiye C,,,.,). 
Static stability decreases near AIacli 3 as the sonic line 
jumps from the nose to the shoiilder of the \-ehicle. 

In addition to the tiecrease in static stability indi- 
cated by C7,L., : dynamic stability decreases at lower 
speeds and can become unstable in the transonic anti 
subsonic flight regimes. If a \-ehicle is stable in the 
low subsonic speed regime: it will typically be stable 
at higher speeds. To examine the dynamic stability of 
blunt aeroshells considered for this tiesign: a set of six 
mass-scaled spin-tunnel models were constructed. Fig- 
lire 16 presents one attitude time history for a model 
geometrically similar to that shown in Fig. 4. The 
figure captures a test period immediately following a 
33-degree intentional perturbation on the model and 
re\-eals the oscillations are decaying. The model is 
stable and the oscillations diminish to a limit cycle 
amplitude of less than 10 degrees. No\-ing the mo(ie1's 
c.g. location further from its nose results in increased 
limit cycle amplitude and decreased amplitude of sur- 
\-i\-able perturbations. If the c.g. in the present design 



were at 0.33 m back from the nose: the capsule could 
tumble in the subsonic portion of flight as a result of 
small perturbations. In addition to pro\-iding quali- 
tatiye information on stability, the (lata in Fig. 16 is 
being analyzed to extract the static and dynamic aero- 
dynamic cliaracteristics of the shape. 

Entry Trajectory and Landing 
Footprint 

'The geometry of the Earth approach trajectory is 
uncertain at this time. For this study, the exoatmo- 
spheric trajectory is assumed to haye a S.;, of 2.93 
km/s, declination of -48.1 degrees, and right ascension 
of 284.9 degrees. 'This approach geometry results in 
North Polar (.Azimuth 180 degrees) atmosplieric en- 
try with an inertial yelocity of 11.46 km/s at 123 km 
al t itude . 

Figure 17 presents the yelocity and altitude time his- 
tory associated with entry of the 26.3 kg yehicle in Fig. 
4 for an inertial flight path angle of -12 degrees. This 
entry angle was selected as the result of a trade be- 
tween heatshield mass and aerodynamic deceleration. 
The maximum acceleration of 33.3 g's occurs at an 
altitude of 32.9 km: 39 seconds after the 123 km alti- 
tude atmosplieric interface. Peak heating occurs at 33 
seconds and 62.13 km altitude. .After 91 seconds, the 
capsule has clecelerated to AIacli 1 and clescended to 
32.7 km altitude. The capsule attains terminal ~eloc- 
ity shortly thereafter and impacts the ground (altitude 
= 1.3 km) at t = 341 seconds at a flight path of -90 
degrees (yertical) while t r ad ing  30 m/s. 

-An estimate of the landing footprint can be pro- 
cluced by yarying mass, flight path angle: atmosplieric 
properties and aerodynamic drag. 'The mass was ~ a r -  
ied plus or miniis 1.23 kg (3-a) around a nominal 26.3 
kg \-due. Flight path angle was yaried plus or mi- 
nus 0.07 degrees. The Global Reference .Atmospheric 
Alodel - 1993 (GR-All-93) was used to obtain yari- 
ations in density: pressure and winds. -Aerodynamic 
drag was yaried. plus or minus 3 percent in the hy- 
personic and subsonic regimes and 10 percent in the 
supersonic and transonic regimes. 'The resulting foot- 
print for a 2300 case Alonte-Carlo simulation oyerlayed 
on latitude and longitude of a LTTR landing site is 
shown in Fig. 18. 'The 3-a landing ellipse is 40 km 
clown range by 20 km cross range. Steepening the 
flight path angle or increasing the entry yelocity will 
decrease the footprint dimensions while shallowing the 
flight path angle, decreasing yelocity: or entering with 
a more Easterly azimuth will increase its dimension. 

Aerothermodynamics, Heatshield, and 
Thermal Analysis 

-An estimate of the stagnation-point, non-ablating 
heating associated with the entry trajectory is shown 
in Fig. 19 (entry mass is 26.3 kg) .  The conyectiye heat- 
ing estimate comes from Chapman's equation and the 

radiatiye heating comes from the method of 'Taiiber 
and Suttonl" . The CFD pretiictions for conyectiye 
heating are discussed below. Peak heating is predicted 
to be 380 T!/c71z2 by the engineering approximations 
of which 334 T!/c71z2 is conyectiye. The stagnation 
point lieat load is 9013 J/c71z2 from conyectiye plus 
263 T!V/cr17i2 radiatiye for a total of 9277 J/c71z2. 

The maximum heating point (t=33 s) anti the max- 
imum deceleration point (t = 39 s) in the lieat pulse 
were computed using the L.4T;R.A CFD code12. -An 
11 species, tliermocliemical nonequilibrium gas-kinetic 
model with fully catalytic, radiatiye equilibrium wall 
boundary condition was used. 'The axisymmetric com- 
putational grid has 40 points along the body anti 64 
points normal to the surface with the first grid cell 
haying a cell Reynolds number of 2. The non-ablating 
stagnation point heating pretiicted at the maximum 
heating and pressure points in the trajectory are shown 
as the circle symbols in Fig. 19, anti the prediction for 
the entire forebody (assumed laminar) is shown in Fig. 
20. 'The CFD pretiiction is 6 percent liiglier than the 
engineering estimate at peak heating and 1.6 percent 
liiglier at maximum pressure. 

'The flight Reynolds numbers based on diameter for 
these two cases are 130,300 anti 299,000. (The peak 
Reynolds number (luring the lieat pulse is 3 71 :400 at 
a point diere the heating has tiroppeti to 13 percent 
of its peak \-due.) One indicator of the potential for 
transition to turbulence is the momentum thickness 
Reynolds number: Reo. Figure 21 presents \-slues for 
the momentum thickness Reynolds number extracted 
from the two CFD solutions. -A criteria for transi- 
tion commonly used is 230. The figure indicates the 
Reynolds number effects may induce transition on the 
conical flank late in the lieat pulse. Surface roughness 
and ablation out-gassing can also produce transition. 
-A CFD solution using the Baltiwin-Lomax turbulence 
model was generated at the maximum pressure loca- 
tion in the trajectory. 'The transition location was 
specified as the juncture between the spherical nose 
and conical frustum location (s = 0.23 m). That so- 
lution predicted conyectiye heating on the flank of the 
body (which typically is a factor of 2.2 lower than the 
stagnation point \-due) to increase by a factor of 3.2 
which results in flank heating 41 percent liiglier than 
the stagnation point \-due. If transition does not oc- 
cur until peak heating: the integrated lieat load to 
the flank of the yehicle and the required lieatshield 
thickness is still less than the stagnation point. The 
question of transition must be examined closer. For 
the purposes of this study, a constant heatshield thick- 
ness sized for the laminar stagnation point heating 
enyironment is used oyer the entire forebody. 

Phenolic Impregnated Carbon .Ablator (PIC-1-13) 
is chosen as the canditiate heatshield material. It is 
a lightweight ablator with density of 240 kg/7rz". To 
determine the required thickness, the estimate for to- 



tal heating in Fig. 19 is increased by 20 percent (peak 
becomes 696 I!V/c7n2 and lieat load becomes 11:132 
J/c7n2). The thickness required is also a function 
of maximum allowable temperature in the iinderlying 
structure. .Aluminum structures haye specified 320 K 
as the maximum allowable temperature. 'The graphite 
polyimide structure has multiple use temperature lim- 
its of 340 K and single use limit of 643 K. Figure 22 
presents the relationship between heatshield thickness 
and maximum bond line temperature predicted by the 
FI.4TIG material response code for this lieat pulse. To 
limit bond line temperatures behind the heatshield 
to 320 K: the required heatshield thickness for these 
conditions is 0.0336 m (1.4 in.). To limit bond line 
temperatures to 630 K requires only 0.0229 m (0.9 in) 
of heatshield. The design in Fig. 4 pro\-ides 0.0381 
m (1.3 in.) of P1C.A 13 so includes not only the 14- 
20 percent margin on heating but generous margins 
on thickness. This large margin will decrease if entry 
\-docity increases. 

'The afterbody thermal protection system has not 
been examined in detail. 'The maximum heating on the 
afterbody is typically less than 3 percent of the fore- 
body (results in an estimate of peak at 33 T!V/cr17i2 and 
lieat load of 330 J/c7n2). Large margins (factor of 3) 
are typically placed on afterbody heating predictions. 
-4 material such as SL.4-3611' (density 264 kg/7n3)  as 
used on the afterbody of the Stardust Sample Return 
Capsult? may be an appropriate material. For mass 
purposes: 0.43 in of SL.A3611' co\-ers the entire after- 
body in the design shown in Fig. 4. This thickness 
is greater than that used on the Stardust afterbody 
which was designed for a more se\-ere heating emiron- 
ment. 'The afterbody also contains penetrations for the 
attachment hard points: the electrical connection: and 
the lid. The emironment at each of these penetrations 
will be less se\-ere than those expected on similar pen- 
etrations on the Stardust afterbody. Seals and Tents 
designed for that mission should be adequate here. 

'The temperature of the sample-containing canister 
(1 370 K. -A pre-impact thermal analysis 

was performed assuming the PIC-1-13 heatshield was 
1.4 in. thick. The predicted temperature distribution 
at t = 341 s (impact) is shown in Fig. 23. The thermal 
energy is just beginning to penetrate into the energy 
absorbing material. -At impact: howe\-er: the canis- 
ter crushes into the heated material. -A simple energy 
balance which assumes the 2.7 kg canister is all alu- 
miniim and that all of the thermal energy within 1 
diameter of the canister ends up in the canister pre- 
dicts the temperature rise in the canister to be 39O K. 
If the analysis is repeated to include all thermal en- 
ergy within two cliameters, the temperature rise is 94O 
K. This conser\-ati\-e energy balance approach did not 
include thermal losses to the air or the ground. During 
ground characterization tests, the ground temperature 
was measured to be 288 K. 

Mission Scenario and Impact 
Performance 

From launch through separation at Earth return: 
the capsule is attached to tlie AISR Orbiter \-ia three 
attachment hard points on the afterbody of tlie pri- 
mary spherical structure. 'The samples are contained 
in a hermetically sealed: biologically clean: canister 
which is transferred into tlie capsule on AIars orbit. 
This transfer and placement of tlie afterbody lid is ac- 
complished \-ia orbiter mechanisms. 

During Earth return cruise: the canister seal in- 
tegrity is monitored by orbiter electronics through an 
electrical connection on the capsule afterbody. Lpon 
Earth arri\-al the entire bus is spun up to 3 rpm anti 
positioned such that after separation (18 lirs prior to 
entry) the capsule enters at an inertial flight path an- 
gle of -12 degrees. Prior to separation: the ground 
reco\-ery beacons are ad\-ated. (Each of the 2 bea- 
cons is assumed to be 0.3 kg which includes tlie 0.03 
kg batteries necessary to supply each transmitter with 
0.3 M' of power for 24 horns.) The bus performs a 
cleflection maneu\-er after separation. 'The attachment 
hard point locations act as Tents (luring entry. 

Ground impact (altitude 1293 m) occurs at 341 sec- 
onds after atmospheric interface. The impact \-docity 
for zero surface winds is 30 m/s. If the impacted 
ground is similar to the ground examined at LTTR, 
the capsule will penetrate to a tiepth between 0.13 
and 0.31 m in approximately 0.02 s. Of that time ap- 
proximately 0.013 s is spent abo\-e 200 g's which will 
initiate crush of the canister into the energy absorb- 
ing material. 'There are se\-eral ways to estimate the 
distance the canister will crush into tlie 0.3 m of a\-ail- 
able energy absorbing material. 'The most conser\-ati\-e 
estimate neglects tlie energy absorbing contributions 
from the ground anti the lieatshield anti predicts 0.23 
m of required crush stroke. -An estimate including 
the ground's contribution can be made by assuming 
the canister need ti lerate only (luring tlie 0.013 s 
the loads on tlie c ule exceed 200 g's. 'This as- 
sumption decreases tlie predicted stroke to 0.17 m. If 
surface winds are a sustained 23 AIPH (11.2 m/s): the 
resultant Yelocity is 32 m/s anti an impact angle of 
incidence of 20.3 (legs will occur. In this orientation: 
the ayailable stroke is 0.29 m of which 0.26 m is neces- 
sary from the most comer\-ati\-e estimate. The landing 
footprint is a 40 by 20 km ellipse. 

Mass Summary and Margins 
-A breakdown of the mass of each element of the 

design is pro\-ideti in 'Table 2. KO mass allotment has 
been included for tlie lid latches: tlie attachment hard 
points: or the canister-monitoring wiring. -4s with any 
design: there exists tlie semantic problem of specifying 

f safety: mass: or a combination 
ling sections discussed margins in 

terms of safety. In tlie absence of clefined requirements 



for those margins it is clifficult to quantify that portion 
of the safety margin which could be redefined as mass 
margin for the elements in Table 2. 

Table 2. AIass of each element of the suggested (le- 
sign in Fig. 4. 

Element 
Heatshield and aft TI’S 
Heatshield .Adhesive 
Primarj Structure 
lying Structure 
Energj .Absorbing AIat. 
Canister 
Beacons 
TOT-AL 

AIass, kg 
12.10 
1.40 
4.23 
3.19 
2.04 
2.70 
0.60 
26.26 

Conclusion 
-A combination of analysis and testing was per- 

formed to determine the feasibility of an entirely pas- 
sive Earth entry capsule for the AIars Sample Return 
mission. The design circumvents the potential fail- 
lire modes of a parachute terminal descent system by 
replacing that system with passive energy absorbing 
material to cushion the AIars samples (luring ground 
impact. The suggested design utilizes a spherically 
blunted 43 degree half-angle forebody with a low- 
density, ablative heatshield. ‘The primary structure is 
a spherical composite sandwich enclosing carbon foam 
energy absorbing material. Results of the testing and 
analysis presented indicate that the design is an option 
worthy of further study for the AIars Sample Return 
A lission. 
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tive heating and Tauber-Sutton estimate of radia- 
tive heating at  the stagnation point 
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Fig. 22 Relationship between heatshield thickness 
and maximum temperature experienced by the un- 
derlying structure. 
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Fig. 20 Nonablating, laminar, forebody heating at 
maximum heating and pressure trajectory points 
from LAURA CFD. 
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Fig. 21 Momentum thickness Reynolds numbers 
extracted from maximum heating and pressure 
CFD solutions. 

Fig. 23 Temperature distribution across heat- 
shield, structure, and energy absorbing material at 
time of ground impact. 


